Radioimmunoprecipitation (RIP) and Western blot analyses with specific anti-Treponema pallidum subsp. pallidum monoclonal antibodies were used to identify antigens with apparent masses of 102, 84, 54, 53, 52, 47, 32, 29, and 24 kilodaltons (kDa). Cross-reactivity of these antibodies with T. pallidum subsp. pertenue antigens and lack of cross-reactivity with T. phagedenis biotype Reiter, T. vincentii, T. refringens, T. scoliodontum, and T. denticola were also demonstrated by RIP and Western blot analyses. Reactivities in the T. pallidum immobilization test, along with the RIP of lactoperoxidase-catalyzed iodination products, suggested that the identified antigens were surface associated. The abundance and surface association of the 47-and 84-kDa antigens were supported by reactivity in the microhemagglutination test for T. pallidum and by strong reactivity of monoclonal antibodies upon indirect immunofluorescence assays with rabbit-cultivated T. pallidum subsp. pallidum, respectively, but not with T. phagedenis biotype Reiter. Anti-47-kDa and anti-84-kDa monoclonal antibodies were also reactive in indirect immunofluorescence assays using treponemes found in dark-field-positive smears of human genital ulcers.
face components of virulent strains of Treponema pallidum subsp. pallidum. These studies used antisera from infected humans and immune or hyperimmunized rabbits to detect up to 23 distinct immunogens (1, 2, 5, 7-9, 15, 20, 23, 30) . Contemporary techniques such as hybridoma technology (16, 24, 25) , radioimmunoprecipitation (RIP) (2, 5, 7-9, 12, 15, 20, 23) , and protein immunoblotting (3, 4, 12, 16, 17, 23, 26) have been used to initiate characterization of these immunogens and to assess their potential role in the development of the host immune response. More specifically, Jones et al. (12) have stressed the importance of a 47-kilodalton (kDa) immunodominant, surface-exposed antigen of T. pallidum subsp. pallidum by demonstrating that a monoclonal antibody directed against it has hemagglutination, T. pallidum immobilization, and T. pallidum neutralization activities. Several other studies have demonstrated that sera from immunized (syphilitic) rabbits (4, 7, 12, (15) (16) (17) and humans with syphilis (3, 8) consistently exhibit reactivity with a 47-to 48-kDa protein in RIP and protein immunoblot assays. Further studies with monoclonal antibodies have proven that the 47-kDa antigen is also present in both T. pallidum subsp. pertenue and T. pallidum subsp. endemicum, but not in the avirulent strain T. phagedenis biotype Reiter (17) . These studies have set a precedent for using monoclonal antibodies to detect the individual antigenic components of virulent treponemal subspecies. Aside from studies on the 47-to 48-kDa antigen and a recent report describing the initial characterization of monoclonal antibodies directed against 37-and 12-kDa antigens of T. pallidum subsp. pallidum (16) , progress in the characterization of other immunogens with monoclonal antibody probes has been limited.
In the present study, several thousand hybridoma clones were screened, leading to the isolation of monoclonal anti-bodies with specificities for as many as nine independent T. pallidum subsp. pallidum antigens. This report describes the respective specificities of these monoclonal antibodies and gives a preliminary account of the biological reactivities associated with the relevant antibody-antigen interactions.
MATERIALS AND METHODS
Treponemal strains and antigens. T. pallidum subsp. pallidum (Nichols) and T. pallidum subsp. pertenue (Haiti B) (a gift of Ron Schell, University of Wisconsin Medical School, Madison) were propagated by intratesticular passage in rabbits as described previously (18, 24) . Random smears of human genital ulcers were provided by James Randolf Farris, Dallas City and County Health Department. Avirulent strains of treponemes were cultivated in Spirolate Broth (BBL Microbiology Systems, Cockeysville, Md.) supplemented with 10% normal rabbit serum as described previously (24) and were provided (as suspensions in phosphate-buffered saline [PBS] ) through James N. Miller, UCLA School of Medicine, Los Angeles, Calif., by Robert Smibert, Virginia Polytechnic Institute and State University, Blacksburg.
Animals. Adult male New Zealand White rabbits were obtained from the R & R Rabbitry, Stanwood, Washington. Upon receipt, each rabbit was examined for the absence of clinical and serological (Venereal Disease Research Laboratory nonreactive) evidence of Treponema paraluis-cuniculi infection. The animals were subsequently housed individually at 17 to 20°C and were given antibiotic-free food and water ad libitum.
Monoclonal antibodies. Monoclonal antibodies directed specifically against T. pallidum subsp. pallidum were generated, maintained, and characterized as described previously (24; J. R. Kettman and M. D. Norgard, U.S. patent 4,514,498, April 1985) . Monoclonal antibodies were affinity purified from in vitro hybridoma clone supernatants (24) by using individual protein A-Sepharose columns as described by Ey et al. (6) . Concentrations of recovered antibodies were estimated spectrophotometrically at 280 nm by using the relationship 1 mg of antibody per ml = 1.45 absorbance units per ml (6) .
RIA. Monoclonal antibodies were tested by radioimmunoassay (RIA) against freshly sonicated treponemes as described previously (17, 24) . As antigen, ca. 2 x 106 sonicated virulent (cultured in rabbits) or avirulent (cultured in vitro) treponemes were applied to each test well of a 96-well polyvinyl chloride microtiter plate. Normal uninfectedrabbit testicular extracts, including rabbit immunoglobulin G (IgG) and IgM, were also used as antigens (24) .
RIPs. T. pallidum subsp. pallidum for analytical studies was purified by the Percoll density gradient method of Hanff et al. (10) . T. pallidum subsp. pertenue was purified by differential centrifugation (24) and provided to us by Ron Schell. T. pallidum subsp. pertenue was not further purified by using Percoll gradients because of limited organisms and potential loss normally encountered in the Percoll purification process. Treponemes were radiolabeled with Na'25I by using a lactoperoxidase method (2) , which favors the labeling of surface-exposed proteins. For RIP, 125I-labeled treponemes (ca. 107 cpm) (3 to 5 cpm per treponeme) were incubated in 5 ml of a solubilization buffer composed of 10 mM Tris hydrochloride (pH 7.8), 150 mM NaCl, 10 mM EDTA, and 0.2% Zwittergent 3-12 (Calbiochem-Behring, La Jolla, Calif.) for 1 h at 37°C with intermittent agitation. The suspension was centrifuged at 30,000 x g for 1 h at 4°C, and the supernatant (containing solubilized antigens) was removed. A 0.2-ml suspension of prewashed protein A-bearing Staphylococcus aureus (Cowan I) was added to the solubilized preparation, incubated at 4°C for 1 h, and centrifuged at 13,000 x g for 2 min to remove any material that might nonspecifically absorb to the protein A-bearing S. aureus. Antibody (20 ,ug of monoclonal antibody or 1.0 ml of hybridoma clone supernatant) or PBS (1.0 ml) was added to the preabsorbed preparation and incubated for 1.5 h with agitation at 4°C. In some experiments, 5 ,ug of rabbit anti-mouse IgG (heavy and light chain specific, affinity purified; provided by Ellen Vitetta) was then added to amplify reactivity. To precipitate immune complexes, an additional 0.2-ml suspension of prewashed protein A-bearing S. aureus was added, and the suspension was incubated at 4°C for 1 h. Each sample was then centrifuged at 13,000 x g for 2 min, and the pellets were suspended and washed five times in solubilization buffer. The final pellet was suspended in 62.5 mM Tris hydrochloride (pH 6.8)-10% glycerol-2% sodium dodecyl sulfate (SDS), heated to 100°C for 5 min, and centrifuged at 13,000 x g for 2 min. The supernatant was then subjected to SDS-polyacrylamide gel (10%) electrophoresis (SDS-PAGE) after reducing at 100°C in 5% 2-mercaptoethanol for an additional 5 min (13) . Radiolabeled compounds were detected on dried gels by exposure to Fuji medical X-ray film at -70°C with an enhancing screen (Cronex Lightning-Plus; E.I. du Pont de Nemours & Co., Inc., Wilmington, Del.) for autoradiography.
Western blots. Protein immunoblotting or "Western" blots were performed by a modification of the method of Towbin (28) , modified (17), as described previously.
Indirect immunofluorescence assays (IFAs). Impression smears of freshly extracted T. pallidum subsp. pallidum from infected rabbit testicular material were prepared on slides, air dried, and fixed in acetone for 10 min as described previously (29) . Alternatively, random smears of exudates from human genital ulcers, most of which were dark-field positive for spirochetes, were obtained and treated similarly. (6) or found within hybridoma clone supernatants (24) , were tested for their ability to immobilize T. pallidum subsp. pallidum (Nichols) in the T. pallidum immobilization (TPI) test. The TPI assay was carried out by James N. Miller, with minor modifications, as described previously (29) . Penicillinase was incorporated into the test procedure to eliminate the possibility of residual penicillin in all test samples (24) .
The microhemagglutination assay for T. pallidum antibodies (MHA-TP test) (27) (Sera-Tek; Ames Division, Miles Laboratories, Inc., Elkhart, Ind.) was performed on serial dilutions (twofold) of affinity-purified (6) anti-T. pallidum subsp. pallidum monoclonal antibodies by the methods described by the manufacturer.
RESULTS
Identification of T. pallidum subsp. pallidum antigens, Several thousand hybridoma clones were screened by RIA against T. pallidum subsp. pallidum (Nichols), T. phagedenis biotype Reiter, and rabbit tissue (including rabbit IgG and IgM) in the manner described previously (24) . Only those clones exclusively reactive with T. pallidum subsp. pallidum were selected. RIP analyses were used to distinguish further a subset of hybridomas that secreted monoclonal antibodies which allowed the selective precipitation of unique T. pallidum subsp. pallidum antigens.
In recent studies, it was determined that a solubilization system based on SDS-Triton X-100-sodium deoxycholate (12) was too harsh to detect a large number of antigens with the anti-T. pallidum subsp. pallidum monoclonal antibodies.
Results of studies with a milder Zwittergent-based solubilization system suggested that many more antigens could be detected.
The molecular specificities of nine monoclonal antibodies were determined by RIP analysis by using 125I-labeled T. pallidum subsp. pallidum as antigen in the Zwittergent system, followed by SDS-PAGE and autoradiography. Autoradiographs display some of these results ( Fig. 1 and 2 autoradiographs ( Fig. 1 and 2) . The results of RIP analyses with antibodies 13C6R and 4H7R were less easily interpreted. The main reactivity appeared to be associated with bands at the 54, 52, and 40-kDa marks for antibody 13C6R, and at the 53-and 40-kDa marks for antibody 4H7R . PBS was used in place of antibody as a negative control (Fig. 1,  lane 7) . Alternatively, when an irrelevant monoclonal antibody was used in place of PBS, the result was similar to that of using the PBS control.
The immunoprecipitable products from reactions with monoclonal antibodies of clones 2G4 and 5H10 appear in Fig. 2 . Antibody 2G4 reacted with a 32-kDa antigen, whereas antibody 5H10 reacted with an antigen of approximately 29 kDa.
Interestingly, of nine hybridoma clones, only two produced monoclonal antibodies that were reactive in Western blots. The remaining antigens may be sensitive to SDS denaturation upon SDS-PAGE before blotting. A Western blot revealed antigens of 47 and 102 kDa that reacted with monoclonal antibodies 11E3 and 9E7, respectively (Fig. 3) .
Cross-reactivity of anti-T. pallidum subsp. pallidum mono- (Fig. 4) (Fig. 4,  lanes 1 and 2) . Other antibodies were not tested ( Fig. 1 to 3) .
Properties of the anti-T. pallidum subsp. pallidum monoclonal antibodies. Some of the biochemical and biological properties of the anti-T. pallidum subsp. pallidum monoclonal antibodies are listed in Table 2 . Each anti-T. pallidum , and 11E3 (C) were used as primary antibodies; an indirect IFA-unreactive monoclonal antibody (D) was used as a nonreactive control. Fluorescein isothiocyanate-conjugated sheep anti-mouse IgG (heavy and light chain specific) was used to probe for murine monoclonal antibody bound to the treponemal surface.
subsp. pallidum monoclonal antibody was tested for its ability to react in indirect IFAs. Initially, each monoclonal antibody was screened for reactivity with impression smears of T. pallidum subsp. pallidum from freshly minced, infected rabbit testicles. Anti-84-kDa monoclonal antibodies 6E10 and 5A5-7 produced the strongest reactions ( Fig. SA and B) . Anti-47-kDa monoclonal antibody 11E3 was also extremely reactive in indirect IFA tests, though to a slightly lesser degree than were antibodies 6E10 and 5A5-7 (Fig. SC) (Fig. 6B) . Anti-84-kDa monoclonal antibodies (5A5-7)
were also very reactive (Fig. 6A) . Our results correlated with the dark-field microscopic and clinical evidence that the indirect IFA-positive smears used did, in fact, indicate the presence of T. pallidum subsp. pallidum infection in these particular patients. Antibodies 6E10, 5A5-7, and 11E3 were also tested for indirect IFA reactivity with T. phagedenis biotype Reiter; in each case the result was negative.
Each of the monoclonal antibodies in Table 2 was tested for reactivity in the TPI assay (29 pallidum, of which the molecular specificities are now being elucidated (16, 25, 26) . The reactivity of monoclonal antibody 11E3 with a 47-kDa antigen has been well documented (12, 17) . This study provided additional IFA data that correlate with earlier conclusions (12, 17) that the 47-kDa antigen of T. pallidum subsp. pallidum is both abundant and surface exposed. Several investigators have reported the isolation of monoclonal antibodies directed against a 47-to 48-kDa T. pallidum subsp. pallidum antigen (12, 16, 17) that was also identified in T. pallidum subsp. pertenue and T. pallidum subsp. endemicum (12) . The fact that these laboratories have isolated monoclonal antibodies reactive with the 47-kDa antigen supports its immunodominance and abundance, as well as its previously documented (12, 17) surface location on T. pallidum subsp. pallidum.
A large panel of hybridoma clones was screened to isolate monoclonal antibodies with specificities for antigens distinct from the 47-to 48-kDa protein described earlier (12, 16, 17) . The molecular specificities of monoclonal antibodies against antigens of 102, 87, 54, 53, 52, 32, 29, and 24 kDa have been described for the first time by using these antibodies as probes in RIP and Western blot analyses. In addition, we have described analogous reactions of the monoclonal antibodies with antigens of T. pallidum subsp. pertenue, further supporting reports of the well-established similarities among pathogenic treponemes of humans (4, 17) .
Apart from the central topic of this report can be found a potential technical limitation regarding the future isolation of various T. pallidum subsp. pallidum antigens. The presence of putative protein bands at the 50-and 30-kDa marks on all lanes of the autoradiographs is revealed in Fig. 1 and 2 . It is likely that these may be contaminating components of rabbit immunoglobulin heavy and light chains that were coprecipitated as immune complexes by the protein A-bearing staphylococci in the RIP. This may be a general problem associated with the isolation of surface antigens from in vivo-cultivated treponemes (K. S. Marchitto and M. V. Norgard, submitted for publication).
The radioactive profiles of RIP tests with T. pallidum subsp. pertenue differed only slightly from those with T. pallidum subsp. pallidum antigens. Monoclonal antibodies which reacted with an 84-kDa antigen of T. pallidum subsp. palliduim reacted with an antigenic component(s) of T. pallidum subsp. pertenue that apparently resolved as two bands on SDS-PAGE, with estimated masses of 84 and 86 kDa. A 24-kDa antigen was common to both virulent treponemes. An antibody that was weakly reactive with a 48-to 49-kDa T. pallidum subsp. pertenue antigen (13C6R) appeared to immunoprecipitate several components of T. pallidum subsp. pallidum that resolved at 54, 52, and 40 kDa. Monoclonal antibody 4H7R immunoprecipitated products of 54 and 50 kDa in an RIP with T. pallidum subsp. pertenue. However, when T. pallidum subsp. pallidum was the antigen, the RIP products resolved as 40 and 53-kDa bands on autoradiographs. The RIP products that were observed when monoclonal antibodies 13C6R and 4H7R were used in the T. pallidum subsp. pertenue assay were not as prominent as those seen when T. palliduim subsp. pallidum was the antigen; i.e., the densities of these bands in the T. pallidum subsp. pertenue assay were nearly equivalent to the background reactivity of each lane. Several explanations are possible. (i) The antigens may not be abundant, and thus only a small amount was precipitated.
(ii) The antigens may have been incompletely iodinated as a result of their orientation relative to the surface of the bacterium. Differences in lactoperoxidase-catalyzed iodination of prospective surfaceassociated components have been reported (17, 26) where T.
VOL. 51, 1986 pallidum subsp. pertenue antigens were not labeled to the extent that T. pallidum subsp. pallidum antigens were. (iii) Antigens were unable to bind with anti-T. pallidum subsp. pallidum monoclonal antibodies with high affinity because of minor differences in the reactive epitopes. Nevertheless, our data support an earlier report (4) which indicated that T. pallidum subsp. pertenue and T. pallidum subsp. pallidum are antigenically nearly identical. We have found that only subtle differences exist in the molecular weights of antigens containing similar epitopes between the two organisms.
Monoclonal antibody 5A5-7, but not monoclonal antibody 6E10, directed against the same 84-kDa antigen, was reactive consistently in the MHA-TP test. Presumably, monoclonal antibody 5A5-7 at a particular concentration satisfied stoichiometric conditions necessary to favor the crosslinking of the 84-kDa antigen among individually coated erythrocytes. The relative abundance of the 5A5-7 anti-84 kDa epitope(s) most likely is the main influencing characteristic here.
Some functional importance of the identified antigens has been implied by the reactivity of anti-T. pallidum subsp. pallidum monoclonal antibodies in various biological assays performed. Monoclonal antibodies directed against the 102-, 54-, 53-, 52-, 47-, 32-, 29-, and 24-kDa antigens were all reactive in the TPI test. The result provides further evidence that these antigens may be associated with the surface of the organism. Additional evidence that these immunoprecipitable antigens are surface associated was provided by the fact that each was iodinated by lactoperoxidase catalysis, which favors the labeling of surface components (2) . The TPI reactivities also suggest that the monoclonal antibodies may be capable of opsonizing or killing T. pallidum subsp. pallidum in vitro or in vivo. The inability or inefficiency of monoclonal antibodies 6E10, 5A5-7, and 2G4 to immobilize T. pallidum subsp. pallidum was predicted on the basis that mouse IgGl isotype antibodies are inefficient at fixing complement (21), a necessary event in the TPI reaction.
Previously, it has been demonstrated that the 47-kDa immunogen is abundant on the surface of T. pallidum subsp. pallidum (12, 17) . Similarly, data presented here suggest that the 84-kDa antigen is also highly abundant. Several lines of evidence support this contention. RIP analysis of the 84-kDa antigen yielded an extremely dense band, as it did with the 47-kDa antigen. Secondly, monoclonal antibodies are believed to cross-link antigens poorly because of their monospecificity; therefore, MHA-TP reactivity of monoclonal antibodies directed against the 84-and 47-kDa antigens implies that the antigenic epitopes are very abundant (highly repetitive) on T. pallidum subsp. pallidum-coated sheep erythrocytes. In addition, the anti-84-kDa antibodies, as well as the anti-47-kDa antibody, were extremely reactive in the indirect IFA used here; an abundance of antigen on the surface of the organism may facilitate the occurrence of a visible fluorescent reaction. Indeed, it is interesting that the three monoclonal antibodies (6E10, 11E3, 5A5-7) that showed any degree of reactivity in the MHA-TP test were the ones that exhibited substantial immunofluorescence capabilities. Whereas other antigens of this study were apparently surface associated as suggested by lactoperoxidasecatalyzed iodination or TPI reactivity or both, their failure to react in indirect IFA studies suggests that these antigens may be less abundant components of the cellular surface or that the relevant determinants are not as accessible to the antibodies.
An interesting application in addition to understanding immunopathogenesis involves the diagnostic use of pathogen-specific monoclonal antibodies (22) . To be considered as potential tools for use in diagnostic tests, relevant monoclonal antibodies must react only with pathogenic subspecies of T. pallidum subsp. pallidum, not with avirulent treponemes. At least seven of nine antibodies tested clearly failed to react with T. phagedenis biotype Reiter, T. vincentii, T. refringens, T. scoliodontum, or T. denticola in RIAs. The RIA suggested that anti-84-kDa antibodies cross-reacted with antigen(s) present in T. denticola. However, anti-84-kDa monoclonal antibodies did not precipitate a product in RIPs with 125I-labeled T. denticola or with other avirulent treponemes. The anomaly remains unclear, but the results suggest that putative RIA reactivity observed with nonpathogens may have arisen through nonspecific interactions. Results of indirect IFAs support this; anti-84-kDa monoclonal antibodies failed to exhibit visible fluorescence in indirect IFAs by using T. phagedenis biotype Reiter, although it remains possible tht the relevant epitopes may be present in some but not all nonpathogenic treponemes.
Few studies have attempted to correlate the presence of specific antigens identified in rabbit-cultivated treponemes with the presence of antigens from treponemes found in human lesion exudates. The reactivity of anti-47-kDa and anti-84-kDa antibodies in the indirect IFA provided a tool to accomplish this and prompted a further evaluation of their diagnostic potential. Random genital lesion smears were obtained from a local health clinic and used for indirect IFA testing with anti-47-kDa and anti-84-kDa monoclonal antibodies. The monoclonal antibodies provided an excellent means of detecting treponemes in random smears, and results of our "blind" studies correlated with other diagnostic and clinical evidence for the presence of T. pallidum subsp. pallidum in these particular smears. This finding supports the observation of Lukehart et al. (16) that anti-48-kDa antibodies reacted with T. pallidum subsp. pallidum that was originally isolated from human subjects and subsequently cultivated in rabbits. In addition, it was also demonstrated that these monoclonal antibodies did not react in the indirect IFA with avirulent T. phagedenis biotype Reiter. These monoclonal antibodies thus deserve added support for continued study of their potential diagnostic value (10a, 16, 22) .
Caution must be exercised in the interpretation of any individual test; virtually all of the assays described possess certain inherent potential limitations. Although lactoperoxidase catalysis favors the iodination of "surface-exposed" moieties before RIP analysis, some subset of "internal" polypeptides also may be labeled during the process, especially in the event of damage or loss of normal surface components during the in vitro manipulation of T. pallidum subsp. pallidum. Furthermore, absolute discrimination for the labeling of surface-exposed proteins by lactoperoxidase catalysis has not been firmly established (14) . A similar argument may be made for the TPI test; shedding of or damage to putative outer membrane or other surface structures may allow for the binding of antibody (in the presence of complement) to some "subsurface" determinants, resulting in treponemal immobilization. The MHA-TP test uses sonic extract of T. pallidum subsp. pallidum and therefore can only reflect the possible abundance of any one antigen, regardless of its innate internal or external location within or upon T. pallidum subsp. pallidum. Western blots use solubilized T. pallidum subsp. pallidum in the PAGE gel before blotting and probing and therefore can only yield information as to the presence of a particular component (as long as the relevant epitope is resistant to SDS). In indirect IFAs, T. Although surface-exposed determinants may represent the most abundant epitopes present, it is likely that cellular damage during fixation leads to the release of internal components; it is known that anti-DNA antibodies can produce false-positive reactivities in fluorescent treponemal antibody-absorption tests (19) . The relative binding affinities of selected monoclonal antibodies used in the indirect IFAs may also influence the degree of fluorescence intensities observed. In consideration of these potential limitations, it is important to base conclusions upon the results of more than one approach. Such a strategy was applied in this study; the combined results support our conclusions.
Monoclonal antibodies with functionally and chemically defined specificities continue to provide useful monospecific probes for the dissection of the antigens on the cell surface of T. pallidum subsp. pallidum. Their prospective use in the affinity purification of antigens potentially important to the immunopathogenesis of syphilis (K. S. Marchitto 
